E ndoscopic third ventriculostomy with choroid plexus cauterization (ETV/CPC) for the treatment of infantile hydrocephalus is being performed as an alternative to shunting. 7, 11, 12, 16 Multiple validated success scales exist as simple tools to calculate the expected success rate of endoscopically treated hydrocephalus based on preoperative variables. 6, 15 All of these predictive models depend on the manner in which the diagnosis of failure is established. The decision making in diagnosing ETV/ CPC success or failure remains subjective, ambiguous, and often opaque in current studies.
previous ETV/CPC series, failure has been defined when additional surgery is needed to treat hydrocephalus. [11] [12] [13] [14] 16 These studies reported using accelerated head circumference growth rate, bulging anterior fontanel, and progressive ventriculomegaly as clinical factors used in diagnosing failure. 2, 11, 13 What remains unclear is to what degree each criterion individually contributes to a designation of treatment failure. Therefore, this study examines decision making in ETV/CPC failure by analyzing postoperative metrics used to diagnose failure.
Methods

Design and study Population
This was a retrospective study examining postoperative clinical metrics between patients experiencing ETV/ CPC failure or success. Between 2013 and 2015, patients undergoing ETV/CPC for treatment of hydrocephalus were prospectively enrolled in an institutional pediatric hydrocephalus registry. Relevant demographic, clinical, and radiographic data were recorded from presentation until the last clinical follow-up (minimum 6 months). At our institution the surgical procedure was performed by one of 2 surgeons using a flexible endoscope. This procedure has been previously described for treating infants with hydrocephalus. 12 Institutional review board approval was obtained for this study.
Clinical Metrics for etv/CPC outcome
Traditionally, ETV/CPC success is designated by the absence of either a second treatment for hydrocephalus or death due to hydrocephalus. 6, 12 Determination of failure is commonly attributed to any combination of the following: progressive ventriculomegaly, bulging anterior fontanel, abnormally progressive head circumference growth, and worsening signs or symptoms of elevated intracranial pressure (ICP). 12 Given the very young age of our population, subjective variables, including symptoms of elevated ICP, were not included in our analysis in an effort to avoid ambiguity.
Head circumference was obtained in the standard fashion at the bedside using a disposable tape measure. 1 All measurements were performed by a nurse and were then confirmed by a physician. Any discrepancy in measurement resulted in repeat measurement by the physician. The head circumference z-score was calculated from the head circumference measurement in centimeters, as described by the 2006 WHO Child Growth Standards (http://www. who.int/childgrowth/en/). Briefly, the head circumference z-score is the deviation of the head circumference value for an individual from the mean value of the reference population divided by the standard deviation for the reference population. The z-score can be corrected for age group and is an attractive, accepted alternative to simply documenting head circumference percentiles, as it provides a single directional unit reflecting head circumference deviation. The z-scores and corresponding head circumference percentile can be easily calculated using a standardized chart or formula available on the Internet (http://www.uptodate. com/contents/calculator-who-infant-head-circumferencefor-age-percentiles-less-than24-months). Using the head circumference z-score rather than head circumference percentiles has the advantage of normalizing the values, allowing more useful comparisons at the extremes of distribution (where many hydrocephalus metrics reside). As a reference, a head circumference z-score of -1 roughly correlates with the 15th percentile, while a z-score of 1 approaches the 85th percentile. Similarly, a z-score of -2 equals the 2.3 percentile, while a score of 2 approaches the 98th percentile.
Ventricle size was measured by trained members of the research team using the frontal and occipital horn ratio (FOHR), which is a validated ratio representing ventricular volume and is found to have high interobserver reliability in pediatric patients. 9 Preoperative FOHR was measured using MRI, while MRI, ultrasonography, and CT were used with variability to measure postoperative FOHR, and depended on the follow-up study performed at the designated visit. While a uniform imaging modality was not used in this study, the interchangeability of several modalities has been previously described. 9 Fontanel quality was assessed by neurosurgical clinicians and documented in the medical record. Fontanel quality was defined using binary values: a bulging fontanel was defined as above the level of the surrounding external table of bone. Absence of a bulging fontanel was denoted when the fontanel was palpated at or below the level of the surrounding external table of bone (flat or concave). This definition has been found to be highly reliable. 17 Postoperatively, patients underwent clinical evaluation at 2 weeks, 6 weeks, 3 months, 6 months, 9 months, and 12 months, or at any time in between if interim neurosurgical evaluation was clinically necessary. Cranial imaging in the form of a fast-sequence brain MRI study, cranial ultrasound, or rarely, head CT scanning was performed in all patients at the 2-week, 6-week, 3-month, and 6-month appointments and at any time in between if there was concern for progressive hydrocephalus. The final clinical and radiographic parameters used for analysis among successes were those taken at the 6-month follow-up visit, while parameters for failures were those documented during the clinical visit at which failure was designated.
First, after correction of age for prematurity, preoperative variables, including age, fontanel quality, head circumference, and ventricular size, were compared between the 2 groups to assess pretreatment variability. Next, from the postoperative period, the same hydrocephalus metrics were compared between ETV failures and successes. Additionally, the changes (Value preoperative -Value 6-month/failure ) in head circumference, head circumference percentile (D%ile), head circumference z-score (Dz-score), and FOHR (DFOHR) were also documented and compared between groups. A positive Dz-score indicated an increase in the head circumference that was deviating further from the mean than the growth curve would project. A positive DFOHR indicates an increase in the size of the ventricles. Naturally, a negative value of each D value represents the opposite.
statistical analysis
Study data were collected and managed using Research Electronic Data Capture (REDCap) tools. 3 Data analysis was carried out in a de-identified manner by the primary and senior authors using IBM SPSS software (version 23). Data were summarized using counts and frequencies for categorical variables with relative proportions as percentages. Descriptive data were given as the median with interquartile range (IQR) or mean with standard deviation (SD) where appropriate. Continuous, nonnormally distributed data were compared using the Mann-Whitney U-test. Dichotomous data were compared between the 2 groups by using the chi-square test, and comparisons of binary variables with fields containing fewer than 5 frequencies were compared using the Fisher's exact test. Positive and negative predictive values as well as sensitivity/specificity were calculated using standard 2-by-2 table methodology.
results
Patient Characteristics
Forty-four patients (25 male, mean/median age 3.9/1.2 months) underwent ETV/CPC for hydrocephalus (Table 1) . Patients developed hydrocephalus secondary to myelomeningocele (20, 46%), intraventricular hemorrhage (IVH) (9, 20%), aqueductal stenosis (9, 20%), congenital communicating hydrocephalus (3, 7%) , and other causes (3, 7%). On presentation, 36 patients (82%) had progressively increasing head circumference, 40 (91%) had a bulging fontanel, and 4 (9%) had ocular palsy related to hydrocephalus. Six (14%) patients underwent previous hydrocephalus treatments, including subgaleal and ventriculoperitoneal shunts before ETV/CPC. Among the 44-patient cohort, at presentation, the median head circumference percentile and z-score were 98% (IQR 89%-99%) and 2.2 (IQR 1.2-4.4), respectively. All patients had ventriculomegaly with a median FOHR of 0.53 (IQR 0.48-0.59).
etv/CPC Failures
Twenty-five patients (57%) experienced ETV/CPC failure and required additional intervention for treatment of hydrocephalus ( Table 2 ). The mean and median times to failure were 80 and 51 days, respectively. Relative to successes, patients in whom ETV/CPC failed underwent surgery at a younger age (median age 0.8 vs 3.9 months, p = 0.01). Furthermore, there was a positive correlation between the age at index surgery and time to failure, wherein younger patients tended to experience failure sooner than 
their older counterparts (Spearman's rho = 0.446, p = 0.029). Colinear with age, the median preoperative head circumference was smaller in patients experiencing ETV/ CPC failure (38.0 vs 44.0 cm, p = 0.008). Accounting for age difference and growth curves, the head circumference percentile and z-score did not differ between groups. The preoperative median FOHR was larger-albeit minimally-in the failure group than in the successful group (0.56 vs 0.51, p = 0.013). Compendiously, the failures were predominantly younger patients who started with slightly larger ventricles. Preoperative presence or absence of a bulging fontanel and etiology of hydrocephalus were similar between the 2 groups ( Table 2) . Next, postoperative hydrocephalus metrics were compared between the successes and failures. During followup from ETV/CPC, a bulging fontanel was present in 72% of patients experiencing failure and none of those experiencing successful ETV/CPC (p < 0.001) ( Table 3) . On average, patients experiencing failure noted continued accelerated head circumference growth with a median head circumference percentile 6 points higher among the failure group (99% vs 93%, p = 0.001), and the median head circumference z-score was 2.4 greater (3.9 vs 1.5, p < 0.001). Relative to successes, patients experiencing failure exhibited increases from preoperative measures in both head circumference percentile (5.4% vs -8.8%, p = 0.002) and z-score (0.96 vs -0.66, p < 0.001). As expected, the median post-ETV/CPC FOHR was greater in patients experiencing failure (0.63) than those achieving success (0.48) (p < 0.001). Among patients who underwent a successful ETV/CPC, on average there was little change in FOHR from preoperatively (-0.01), while failures demonstrated a small but significant increase of 0.07 (p < 0.001) ( Table 3) . No patient (with failure or otherwise) presented in follow-up with hemodynamic changes that were consistent with elevated ICP (apnea and bradycardia); thus, these parameters were not considered within the decision model.
hydrocephalus Metrics Predictive values
Using these postoperative objective metrics, decision making in ETV/CPC failure was then investigated. Necessarily, only postoperative characteristics were considered, as these variables constituted the clinical data by which the surgeon determined ETV/CPC failure. Fontanel quality, measures of head circumference (including absolute measure [cm], percentile, and z-score), and degree of ventriculomegaly (FOHR and DFOHR) all carried significant value differences between ETV/CPC failure and success (Table 3 ). Using these 3 parameters, a simplified set of diagnostic combinations was developed to understand the contribution of each metric to the designation of failure. The presence of a bulging fontanel was the most predictive indicator for ETV/CPC failure, with a positive predictive value (PPV) of 100% and negative predictive value (NPV) of 73%, meaning that 100% of patients with a bulging fontanel were treated as experiencing ETV/CPC failure, and 73% of patients with a flat or concave fontanel did not experience failure (Table 4) . The sensitivity and specificity of a bulging fontanel in the designation of ETV/ CPC failure were 72% and 100%, respectively (Table 5) . Essentially, the presence of a flat or concave fontanel renders a diagnosis of ETV/CPC failure unlikely, regardless of what imaging may reveal. The change in head circumference z-score and FOHR were also individually predictive of ETV/CPC outcome but not as strongly as fontanel status. During follow-up, a change in head circumference z-score > 0 was 76% sensitive and 79% specific for failure and carried a PPV of 83% and NPV of 71%. On the other hand, a follow-up DFOHR > 0 was 88% sensitive but only 53% specific, with a PPV of 71% and NPV of 77%. As would be expected, in combination, the PPV and specificities increase while the sensitivities decrease.
Finally, the predictive values were calculated for the scenario wherein 2 or more metrics were positive in any given patient (relative to 1 or 0 being positive). From among this cohort, the PPV was 95% (21/22), the NPV was 83% (15/18), the sensitivity was 88% (21/24), and the specificity was 94% (15/16).
Importantly, a regression model was constructed, but care was taken not to include it in the paper for 2 reasons. First, covariance among the variables produced nonsensi- 
Decision Making
Decision making is outlined in Fig. 1 , which demonstrates interactions among all 3 hydrocephalus metrics and patient success or failure. Of the 25 failures, 12 infants presented with all 3 metrics indicating failure. Of the 19 successes, 7 infants presented with all metrics indicating success. For the remaining 25 patients, decisions of success and failure were made from discordant data. For failures, 88% were diagnosed with 2 or more hydrocephalus metrics indicating failure (areas of overlap on the Venn diagram) with the remaining 3 failures presenting with only 1 failure metric. If a bulging fontanel was present, it was always present with another hydrocephalus failure metric.
On the other hand, 12 (63%) patients whose treatment was successful presented with at least 1 failure hydrocephalus metric. Only 1 patient whose treatment was successful had 2 failure metrics. Nearly half (47%) of patients with successful treatment had larger ventricles and 21% had progressive macrocephaly in follow-up.
Discussion
In this study, decision making in ETV/CPC failure was investigated, and in the majority (57%) of cases, failure or success was diagnosed using discordant data. Although the sample size is small, it is representative for ETV/CPC studies. Importantly, all patients were treated for symptomatic hydrocephalus, with 91% of patients having a bulging fontanel and 82% of patients presenting with progressive macrocephaly. Additionally, the success rate of 43% compares well to the success rate reported in a multicenter study of ETV/CPC success (Riva-Cambrin J: ETV/ CPC success and evolving indications and technique over time: an HCRN study, presentation at the Annual Meeting of the AANS/CNS Section on Pediatric Neurological Surgery, Seattle, Washington, 2015). Similar to other studies of ETV/CPC outcome, age was found to be the most important preoperative predictor of failure.
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To study decision making, postoperative hydrocephalus metrics for patients experiencing failure were compared with those experiencing success to objectively quantify variables defining ETV/CPC failure. The presence of a bulging fontanel, progressive macrocephaly (change in head circumference z-score > 0), and enlarging ventricles (DFOHR > 0) were each an independent criterion establishing treatment failure. Individually, each demonstrated a PPV of no less than 71%, but fontanel status remained the most predictive indicator of ETV/CPC success or failure with a PPV of 100% and NPV of 73%. As should be expected, when patients presented with combinations of these hydrocephalus metrics, the PPVs increased (when not already 100%) and sensitivities decreased.
The diagnostic values in Tables 4 and 5 for each hydrocephalus metric display perhaps less transparent information on decision making than that presented in the Venn diagram in Fig. 1 . Demonstrating the difficulty in discriminating successes from failure, this triad of hydrocephalus metrics was only abnormal in 48% (12 patients) of failures, while all were within normal limits in only 37% (7 patients) of successes. Therefore, more often than not (57% of all cases), patients fell into one of the other 6 areas of the Venn diagram with discordant data, rendering the diagnosis less straightforward.
Breaking this down further, successes were not homogeneous. Although 7 infants had all favorable hydrocephalus metrics, the other 12 successes had discordant clinical findings. Although, on average, ETV/CPC successes had no change in ventricle size (DFOHR -0.01 ± 0.07), individually, 9 (47%) of the successes experienced a measurable increase in the size of the ventricles. Progressive macrocephaly was less prevalent in the patients experiencing success, with only 4 patients (21%) having accelerated head growth. The only metric that was consistent in this cohort of successes was that no patient had a bulging fontanel.
Examining the individual ETV/CPC failures more closely reveals the same difficulty in diagnosis. Although almost half (48%) of the failures had all 3 metrics, indicating failure, the remaining 52% of failures were diagnosed with discordant data. Ten of the remaining failures had 2 metrics indicating failure. Of these, 4 patients had a flat or concave fontanel but an increasing head circumference and increasing ventricle size. Two patients had smaller ventricles but a bulging fontanel with progressive macrocephaly. The last combination consisted of 4 patients with normal head growth but a bulging fontanel and enlarging ventricles. Interestingly, 3 patients were diagnosed as having experienced failure based on only 1 positive metric; 2 patients with increased ventricle size alone and 1 patient with progressive macrocephaly alone were diagnosed as having experienced failure. As powerful of a predictor as a bulging fontanel was found to be, it was never found in isolation. It is clear from this dissection of the individual patients that, although fontanel quality was the most powerful predictor of ETV/CPC failure, this may be related more to the temporal progression of hydrocephalus, with a bulging fontanel following an increase in ventricle size or progressive macrocephaly in some cases rather than a bulging fontanel developing first. The physiological reason for this observation is beyond the scope of this study, but it is likely influenced by a number of structural variables, including ventricular and calvarial compliance, the timing of suture synostosis, and the size and elasticity of soft tissue overlying the anterior fontanel. Lastly, it should be noted that 23 of the 44 patients had a combination of 2 or more positive hydrocephalus metrics. All but 1 infant were diagnosed with failure, yielding a PPV of having any combination of hydrocephalus metrics as 95% (21/22) and an NPV of 83% (sensitivity, 88%; specificity, 94%). Herein lies perhaps the most clinically useful piece of information. While external validation of these figures is needed, objective diagnostic parameters as robust as this would prove tremendously valuable for the clinical practice of any pediatric neurosurgeon managing this population.
The questions could-and should-be raised regarding which of these patients actually had failure of hydrocephalus treatment. That discussion unfortunately hinges on what failure truly is. Should the patient with a flat or concave fontanel but larger ventricles and progressive macrocephaly have been diagnosed as having experienced failure? Alternatively, should the 3 patients who only presented with a single positive metric and were diagnosed as having experienced failure been labeled as having undergone successful treatment (or at least monitored longer to determine success or failure)? The challenges of ETV/ CPC are not only in the technical nuances of the operative procedure, but rather, and equally as important, in answering these questions to distinguish successes from failures. And while we present in fine detail how this discrimination was conducted, this study is not designed to define what ETV/CPC failure truly is. This will likely remain unknown until long-term neurocognitive outcomes are available. Instead, these statistical measures of diagnostic performance (such as sensitivity and PPV) simply validate the a priori definition of failure held by the surgeon in making the clinical decision.
A fundamental challenge of accurately diagnosing ETV/CPC failure in young children arises from the fact that clinical and radiographic markers of ICP are less predictable following ETV/CPC. For hydrocephalus that is successfully shunted, ventricular volume reliably decreases, while the head circumference trajectory typically decreases or plateaus. 8, 10 As a reference procedure, shunting augments CSF dynamics in a completely different manner from that of endoscopic treatment, and, therefore, the same metrics used for assessment of success may change in different magnitudes. On the other hand, following a successful ETV in older children, preoperative symptoms often improve but the ventricular volume may not decrease. 4, 5 Additionally, infants are very different patients. In some ways, they provide more data because the head circumference is still changing relatively rapidly and the fontanel is present. The challenges arise from less reliable symptom interpretation/"reporting" and lack of robust experience in treating infantile hydrocephalus with methods other than shunting.
Of the 3 metrics, imaging findings added the least amount of information for our decision making. Only 2 of 25 failures were designated as failures based on imaging results alone. If a bulging fontanel is assumed to designate failure, then imaging helped discriminate success and failure in an additional 8 patients who had progressive macrocephaly without a bulging fontanel. Fontanel assessment can be done quickly, easily, and at no cost, and thus its exceptional influence is convenient. Additionally, fontanel assessment has high interrater reliability. 18 This fact is especially advantageous in resource-poor settingswhence much of the ETV/CPC effort was pioneered 12 where follow-up imaging may be impractical or unavailable. Even in the developed world, this point gains merit as both health care spending limits and radiation exposure concerns discourage unnecessary imaging.
Of particular note, we were unable to identify concrete threshold values for DFOHR or change in head circumference z-score that accurately designated ETV/CPC failure. This is likely a result of the heterogeneous nature of hydrocephalus etiology and severity characterized by the study population. Additionally, the lack of concrete thresholds for these metrics emphasizes the value placed on the fontanel status. Nonetheless, identification of concrete parameters for DFOHR and change in head circumference gleaned from larger, more homogeneous cohorts might be uniquely beneficial and serve to lend greater objectivity to an often ambiguous decision tree.
Finally, hidden in the comparisons between successes and failures are important data about the ETV/CPC successes in Table 3 . It should be noted that these successes differ greatly from what is commonly experienced after shunting. In general, ETV/CPC halted accelerated head growth and progressive ventriculomegaly, but head circumference and ventricle size remained relatively large. On average, successes noted only minimal decrease in the size of their ventricles, while head circumference z-score decreased by two-thirds of a point.
limitations and Future Directions
These results describe our experience with infant hydrocephalus and how a diagnosis of ETV/CPC failure was reached at our institution. Thus, while combinations of clinical metrics of hydrocephalus are presented, it must be emphasized that their relationship with the designation of failure is directly related to-indeed, defined by-our bias as to what constitutes true ETV/CPC failure. Accordingly, the analysis above breaks down this bias into individual variables and assigns a relative value to each. We do not present this analysis in an attempt to establish diagnostic criteria of ETV/CPC success or failure or to claim that this is the correct method of diagnostics. Instead, the analysis is intended to reveal how these decisions are being made and generate motivation within the academic community to validate-or refute-these decisions. Previously, reports on ETV/CPC failure have analyzed preoperative predictors of failure or success. 5, 6, 15 However, what is missing is an objective description of clinical success or failure. Ultimately, the metrics described above are likely only biomarkers for successful hydrocephalus treatment, as true success is best measured with long-term cognitive and functional outcomes.
The retrospective design introduces bias-particularly treatment and observer bias. Additionally, the sample size (n = 44) is small, limiting more robust multivariate analyses. Lastly, the nature of ETV/CPC outcome designation poses an important limitation. A treatment failure was designated by the treating surgeon based upon the available clinical evidence (including fontanel quality, head circumference, and ventricle size). Accordingly, identifying and quantifying diagnostic criteria for ETV/CPC failure does as much to explain the surgeon's opinion about what ETV/CPC failure is, as it does to isolate and categorize criteria for ETV/CPC failure itself.
A major theme of this paper is that success after ETV/ CPC appears to look different from success after shunt treatment. In a future study we plan to examine this concept by comparing these metrics between matched ETV/ CPC and shunt successes.
Conclusions
Discriminating ETV/CPC success from failure is often based on discordant data. After ETV/CPC, a bulging fontanel was diagnostic of ETV/CPC failure, but always present in combination with progressive macrocephaly and/or ventricular enlargement. One-quarter of failures were diagnosed in patients without a bulging fontanel. Conversely, only one-third of successes had a flat or concave fontanel, smaller ventricles, and normal head circumference growth together. More commonly, successes demonstrated either progressive macrocephaly or continued ventricular enlargement. While this study codifies hydrocephalus metrics in relation to procedural outcome, ETV/CPC success and failure continue to lack concrete definitions. 
